During meiotic maturation, the majority of oocytes from LT/Sv mice arrest at metaphase I. However, anaphase may be induced through parthenogenetic activation. If this happens within the ovary, it often results in the development of ovarian teratomas. Here, we show that the induction of first meiotic anaphase in LT/Sv oocytes results in incorrect chromosome segregation. In search of the molecular basis of this complex phenotype, we analyzed the localization/destruction of cohesins, as well as the function of the components of the spindle assembly checkpoint (SAC). Both localization and removal of meiotic cohesin REC8 from chromosomes are unperturbed. In contrast, there is prolonged localization of SAC proteins BUB1 and MAD2L1 (MAD2) at the metaphase I kinetochores in mutant oocytes compared with the wild-type. Interfering with BUB1 function through expression of a dominant-negative mutant protein resulted in the increase of the number of LT/Sv oocytes completing the first meiosis, which indicates SAC involvement in metaphase I arrest. These data show for the first time that there is a direct link between the SAC function and the heritable meiotic incompetence of a mammalian oocyte.
INTRODUCTION
The progression through meiotic and mitotic cell divisions is controlled by M-phase-promoting factor (MPF) [1] [2] [3] , which consists of CDC2A (cyclin-dependent kinase 1; CDK1) and regulatory subunit-cyclin B [4, 5] . Precise regulation of MPF activity involves changes in CDC2A phosphorylation status and, most importantly, stability of cyclin B. Separation of cyclin B from CDC2A leads to MPF inactivation and completion of cell division, whereas subsequent destruction of cyclin enables correct progression to the next cell cycle [6] [7] [8] . Dissociation of cyclin B from CDC2A and its further destruction is triggered by its ubiquitination via anaphasepromoting complex/cyclosome (APC/C) [9, 10] , which directs the complex to the proteasome [11] . Anaphase-promoting complex/cyclosome itself is a multiprotein complex activated by binding of CDC20, the availability of which is monitored by the mechanism known as spindle assembly checkpoint (SAC [12] ). Spindle assembly checkpoint monitors interactions between microtubules and chromosomes and prevents cyclin B destruction and sister chromatid separation until all chromosomes achieve stable bipolar attachment to the spindle, thus assuring correct separation of chromatids during anaphase. The molecular mechanism of SAC activation involves localization of BUB and MAD proteins to unattached kinetochores of both mitotic and meiotic chromosomes [13] [14] [15] . Formation of proper microtubule-kinetochore interactions leads to inactivation of SAC and, by consequence, to the release of CDC20, which results in APC/C activation. This in turn triggers polyubiquitination and degradation of APC/C substrates that, besides cyclin B, include PTTG1 (securin). PTTG1 serves as an inhibitor of ESPL1 (separase) responsible for the degradation of cohesins, thus enabling chromosome separation [16] [17] [18] . During meiosis of Caenorhabditis elegans, mouse or human oocyte separase permits homologous chromosome separation by site-specific cleavage of cohesin REC8 [17, 19, 20] . Liu and Keefe [21] have shown recently that in senescence-accelerated mice the reduced cohesion between sister chromatids coincides with an increase in chromosomal aberrations in oocytes from aged females. Prevention of REC8 loss from chromosomes, on the other hand, was shown to cause an arrest of the first meiotic division in the mouse [22] . Therefore, REC8 plays a major role in controlling the quality of chromosome separation.
During meiotic maturation, mouse oocytes progress from the prophase of the first meiotic division to the second meiotic metaphase, when they are ovulated and arrest until sperm penetration or parthenogenetic activation. In contrast to the wild-type oocytes, a significant proportion of LT/Sv oocytes become arrested and ovulated at metaphase of the first meiotic division [23] [24] [25] . Surprisingly, these oocytes are still capable of spontaneous or induced parthenogenetic activation and subsequent development of diploid parthenogenetic embryos [23, 24] . Importantly, parthenogenetic activation of LT/Sv oocytes may occur before ovulation, that is, within the ovary, which results in the formation of ovarian teratomas that may transform into teratocarcinomas [26, 27] . On the other hand, when ovulated and fertilized the LT/Sv oocytes develop into unviable triploid embryos [28, 29] . Over the years there were several unsuccessful attempts from different laboratories to determine the precise cause of the LT/Sv phenotype [26, 30, 31] .
Our previous studies suggested that metaphase I (MI) arrest of LT/Sv oocytes was due to the defect in the mechanisms triggering anaphase I (AI) onset and development of cytostatic activity (CSF) that in wild-type oocytes is responsible for metaphase II (MII) arrest [23] . However, the presence of CSF does not affect AI, similarly as it happens upon transition to anaphase II (AII) of meiosis in wild-type oocytes, suggesting that the failure is either downstream or independent of CSF [23] . In response to different parthenogenetic stimuli, MIarrested LT/Sv oocytes completed the first meiotic division, indicating that AI can be triggered experimentally [23, 32, 33] .
In our present study we show that LT/Sv oocytes that were experimentally induced to complete the first meiotic division reform aneuploid MII plates of chromosomes. It strongly suggests that besides the defective anaphase trigger, more subtle mechanisms may underlie the MI arrest of LT/Sv oocytes, including the chromosome separation quality control steps. First, LT/Sv oocytes could fail to complete the first meiotic division due to the inability to correctly remove REC8 cohesin. Second, abnormal chromosome segregation after forced AI could result from improper formation of microtubule-kinetochore attachments, and the MI arrest could be caused by the inability to inactivate SAC at the proper time. We decided to focus on the analysis of localization and dynamics of cohesin REC8 loss from chromosomes and on the localization and function of MAD2L1 (MAD2) and BUB1 SAC proteins in LT/Sv oocytes. In the current paper we present evidence that MI arrest in LT/Sv oocytes results from prolonged activity of SAC and does not involve REC8 function.
MATERIALS AND METHODS
All animal studies presented were approved by Local Ethic Committee No. 1 in Warsaw, Poland, and Regierungspraesidium in Freiburg, Germany, according to European Union Council Directive 86/609/EEC of 24 November 1986. All animals were raised on the premises of the Faculty of Biology, University of Warsaw, and Max Planck Institute of Immunobiology.
Collection and Culture of Primary Oocytes
The 6-to 12-wk old wild-type (F1 [CBA/H 3 C57BL/6]) or OF1 and the 3-to 18-wk-old LT/Sv strain female mice were injected with 10 IU eCG (Intervet). At 48-54 h after the injection, the oocytes were released from ovaries into M2 medium containing 150 lg/ml dibutyryl cyclic AMP (dbcAMP; Sigma-Aldrich) to prevent the immature oocytes from undergoing germinal vesicle breakdown (GVBD). Fully grown prophase oocytes were collected, carefully washed in M2 dbcAMP-free medium, and cultured in M2 medium under mineral oil (Sigma-Aldrich) at 378C in an atmosphere of 5% CO 2 to allow their maturation in vitro. Only those oocytes that underwent GVBD during the first 2 h of culture were selected for further experiments. Nuclear stages were categorized as prophase, MI, AI, telophase I (TI), or MII. The oocytes that completed the first meiotic division and reached MII were distinguished by the presence of the first polar body (PB1).
Collection and Culture of Two-Cell Embryos
The 6-to 12-wk-old wild-type (F1 [CBA/H 3 C57BL/6]) mice were superovulated by injection of 10 IU eCG (Intervet) and 10 IU hCG (Intervet) 48-52 h apart, and then mated with F1 males. Two-cell embryos were isolated from the oviducts of females 49 h after hCG and were cultured in M2 medium under mineral oil (Sigma-Aldrich) at 378C in an atmosphere of 5% CO 2 .
Calcium Ionophore A23187 and 6-Dimethylaminopurine Treatment Metaphase I F1 oocytes at 7.5 h after GVBD (thus, approximately 1 h before the AI onset) and MI LT/Sv at 10 h after GVBD were subjected to 5-min incubation in 5 lM A23187 ionophore (Sigma-Aldrich) in M2 followed by 30 min of incubation in 0.4 mg/ml 6-dimethylaminopurine (6-DMAP; SigmaAldrich) in M2. Next, oocytes were washed in M2 medium, cultured in the same medium for an additional 1 h, and then fixed and processed for wholemount preparation [34] or immunofluorescence.
Nocodazole Treatment
At 31 h after GVBD, LT/Sv oocytes were subjected to 1 h of treatment with 0.25 lM nocodazole (Sigma-Aldrich) in M2 medium, fixed, and processed for immunofluorescence.
Immunofluorescence
The oocytes and two-cell embryos were fixed and processed as previously described [35] . The a-tubulin was immunodetected with mouse monoclonal antibody against a-tubulin (Sigma-Aldrich) and BUB1 with mouse monoclonal antibody (a gift from Dr. S. Taylor) [13] , followed by TRITC-labeled antimouse antibody (Jackson ImmunoResearch). REC8 was immunodetected by rabbit polyclonal antibody (a gift from Dr. C. Heyting) [36] and MAD2L1 with rabbit polyclonal antibody (a gift from Dr. K. Wassmann) [37] , followed by FITC-labeled anti-rabbit antibody (Jackson ImmunoResearch). Chromatin was visualized by staining with chromomycin A3 (Sigma-Aldrich) or with propidium iodide (Vector Laboratories). The samples were mounted in Citifluor (Citifluor Ltd.) on glass slides and examined with a laser scanning confocal microscope (Carl Zeiss).
Chromosome Preparation
Chromosomes of wild-type and LT/Sv oocytes were spread on slides, air dried, and stained with Giemsa as previously described [38] . Hypoaneuploid samples were excluded from the chromosome number analyses.
Production and Injection of RNA Constructs
The mRNA encoding dominant-negative BUB1 protein (dnBub1) was injected into LT/Sv oocytes or control wild-type oocytes obtained from OF1 Swiss albino mice as described previously [39] . Control mRNA encoding globin firefly luciferase (globin FF) was produced as described by Hoffmann and colleagues [40] . After injection, the oocytes were allowed to rest for 1-2 h, and then meiotic maturation was induced by rinsing oocytes in dbcAMP-free medium. The number of oocytes that extruded PB1 during 18 h of maturation was determined. Only these oocytes that underwent GVBD during the first 2 h of maturation were included in the further analysis. To ensure similar experimental conditions between different treatment groups, in most cases the single experiment consisted of parallel analysis of oocytes from both strains and injected with both types of mRNA constructs.
Statistical Analysis
Data were analyzed by chi-square test of independence or Fisher exact probability test. Differences at P , 0.05 were considered statistically significant.
RESULTS

LT/Sv Oocytes Cultured In Vitro Arrest in MI
Oocytes of wild-type (F1 [C57BL/6 3 CBA/H]) and LT/Sv mice were collected from the ovaries in the prophase of the first SPINDLE ASSEMBLY CHECKPOINT IN MOUSE OOCYTES meiotic division and cultured in vitro. Within the first 2 h of culture, 78% (1003 of 1282) of wild-type and 90% (2977 of 3291) of LT/Sv oocytes resumed meiotic maturation; that is, underwent GVBD. Ten hours after GVBD, 85.7% (516 of 602) of wild-type oocytes completed the first meiotic division, whereas the remaining 14.3% (86 of 602) were blocked in MI. By contrast, at 10 h after GVBD, 78.2% (2141 of 2764) of LT/Sv oocytes persisted in the MI. However, as previously reported [23] , starting from 13 h after GVBD, some of these oocytes completed the first meiosis. In consequence, 13 h after GVBD, 69% (161 of 232) of the oocytes persisted in MI, whereas at 19 and 31 h after GVBD, this value decreased to 52% (186 of 357) and 36% (105 of 291), respectively. Among the oocytes that extruded PB1, that is, completed first meiotic division, we also observed parthenogenetic activation, which is manifested by the formation of interphase pronuclei (30.2% [19 of 63] at 24 h after GVBD). These observations confirmed previously published data describing meiotic maturation and parthenogenetic activation of LT/Sv oocytes [23, 24, 29] .
Experimentally Triggered First Meiotic Division Results in Aneuploidy of LT/Sv Oocytes
Previously, we showed that a parthenogenetic stimulus can induce the first meiotic division of cultured LT/Sv oocytes [23, 33] . However, we did not test the accuracy of chromosome separation to determine the functionality of the meiotic apparatus of these oocytes. To assess the chromosome status during and after division, we experimentally triggered AI in LT/Sv oocytes. Ten hours after GVBD (i.e., approximately 2 h after the control wild-type oocytes completed the first meiotic division), MI LT/Sv oocytes were subjected to brief (5-min) calcium ionophore A23187 treatment, followed by the 30-min-long incubation in the presence of kinase inhibitor 6-DMAP. Ionophore induces Ca 2þ release in MIIarrested wild-type oocytes, leading to parthenogenetic activation [41] . 6-DMAP inhibits, among other kinases, MPF [42] and mitogen-activated protein (MAP) kinases MAPK3/ MAPK1 (ERK1/ERK2), both involved in oocyte MII arrest [43] . During the first 2 h after the treatment, 90.9% (40 of 44) of LT/Sv oocytes extruded PB1. Importantly, such oocytes reached MII and arrested in this stage.
In 68% (15 of 22) of LT/Sv oocytes fixed during the experimentally induced first meiotic division (anaphase or telophase), some of the homologous chromosomes were stretched between two groups of chromatin (Fig. 1A) . Importantly, in the control wild-type oocytes (n ¼ 19) subjected to the same treatment as LT/Sv oocytes, two groups of properly segregating chromosomes were found (Fig. 1A) . Also, nontreated (n ¼ 23) wild-type oocytes fixed at the time when AI 1104 occurred did not show any anomalies of chromosome segregation. This indicates that the abnormal reaction of LT/Sv oocytes to the activating treatment is innate to this strain. The analysis of air-dried chromosome preparations from LT/Sv oocytes that completed division and reached MII showed hyperploidy in 63.6% (7 of 11) of these oocytes (hypohaploid ones were omitted from our analysis; Table 1 ). Hyperploidal oocytes contained various numbers of chromosomes; that is, between 21 and 30 ( Fig. 1B and Table 1 ). Intact bivalents were not observed in abnormal plates, which suggested that aneuploidy did not result from the inability to separate the homologs. On the other hand, the fact that more than 50% of LT/Sv oocytes were hyperhaploid suggests that chromosome breakage might occur. In the oocytes from other experimental groups (wild-type treated, wild-type untreated, and LT/Sv untreated), aneuploidy occurred with much lower frequency (Table 1) . Thus, we hypothesized that improper segregation of chromosomes in LT/Sv oocytes induced to divide might result from aberrant function of the chromosome separation machinery and/or errors in the spindle formation/ functionality.
Removal of REC8 from Chromosome Arms Is Not Disturbed in LT/Sv Oocytes
The correct segregation of meiotic chromosomes is assured by the degradation of meiotic cohesins [19, 44] . Thus, aberrations of chromosome segregation during the first meiotic division of LT/ Sv oocytes could be related to abnormal localization or destruction of cohesins. This prompted us to analyze the localization of meiotic cohesion REC8 in LT/Sv oocytes.
In all control, MI wild-type oocytes (n ¼ 12) analyzed at 8 h after GVBD, as well as in all MI LT/Sv oocytes (n ¼ 39) analyzed at 13 h after GVBD, REC8 was present along the chromosome arms. Similar localization of REC8 also was observed in LT/Sv oocytes that persisted in MI at 15 h (n ¼ 31; Fig. 2A ) and 31 h (n ¼ 19; Fig. 2B ) after GVBD. REC8 localization was unaffected even in those LT/Sv oocytes in which the MI plate or spindle lost its coherence during prolonged in vitro culture; that is, in 3% (1 of 31) and 10% (2 of 19) of oocytes fixed at 15 and 31 h after GVBD, respectively (Fig. 2B) .
In the wild-type oocytes at the onset of AI, REC8 remains within the centromeric region of sister chromatids but disappears from the arms of homologous chromosomes [19, 20] . Our analysis of 26 wild-type oocytes fixed during AI/TI transition confirmed this observation. Similar behavior of REC8 was observed in the majority of LT/Sv oocytes (13 of 15) that spontaneously initiated AI (15 h after GVBD; Fig. 2C ). REC8 disappeared from chromosome arms also in those oocytes (2 of 15) in which chromosome separation did not occur properly; that is, some of the chromosomes were localized between two telophase groups of chromosomes. In all LT/Sv oocytes (n ¼ 19) induced to complete the first meiotic division by ionophore/6-DMAP treatment, including those with incorrectly segregating chromosomes (5 of 19), REC8 disappeared from the chromosome arms and remained only within the centromeric region (Fig. 2D) . The unique specificity of REC8 antibody for meiotic chromosomes was confirmed in the mitotic blastomeres (n ¼ 12) of two-cell-stage F1 mouse embryos, in that REC8 was not detectable either along chromosome arms or within chromosome centromeric regions (Fig. 2E) . Thus, we ruled out the possibility that the faulty removal of REC8 cohesin from chromosome arms was responsible for the LT/Sv phenotype.
MI Arrest of LT/Sv Oocytes Is Caused by Sustained Spindle Assembly Checkpoint
To address a potential involvement of SAC in the formation of the LT/Sv phenotype, we analyzed the kinetochore localization of MAD2L1 and BUB1 proteins, which are the markers for the active SAC [13, 15] .
Three hours after GVBD in all wild-type (n ¼ 28) and LT/Sv oocytes (n ¼ 15), MAD2L1 protein was present at kinetochores (Fig. 3, A and B) . Five hours after GVBD, all oocytes contained bipolar spindles with chromosomes aligned at the equator. In 90% (9 of 10) of wild-type and 100% (14 of 14) of LT/Sv oocytes, MAD2L1 was localized at the kinetochores (Fig. 3, C and D) . Eight hours after GVBD, MAD2L1 was present at kinetochores in only 30% (3 of 10) of wild-type oocytes, suggesting that in the remaining 70% (7 of 10) of oocytes (Fig. 3E ) the formation of a functional meiotic apparatus was completed and oocytes became ready to begin the first meiotic division. This was confirmed by the observation that 8-9 h after GVBD, the wild-type oocytes A, B) . In all oocytes fixed at the MI/AI transition, REC8 is present only in the kinetochore region, but not along chromosomal arms (C, D). E) REC8 is absent from the chromosomes of the mitotic blastomere of a two-cell embryo of an F1 mouse, proving the specificity of REC8 antibody. Left column: REC8, green; middle column: chromatin stained with propidium iodide, red; right column: overlay of REC8 and chromatin. Arrows indicate REC8 localization in the kinetochore region. Bars ¼ 20 lm.
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(10 of 10) completed the first meiotic division and was in agreement with the previously published data [15] . However, 8-9 h after GVBD in all LT/Sv oocytes (n ¼ 13), the MAD2L1 was still present at the kinetochores (Fig. 3F) . Importantly, even at 15 and 19 h after GVBD, the MAD2L1 was still present at the kinetochores in 48% (34 of 71) and 55% (55 of 100) of MI LT/Sv oocytes, respectively (Fig. 4, A and B) . Another SAC protein, BUB1, was localized at the kinetochores in 72% (8 of 11) of wild-type (Fig. 3G ) and in 100% (13 of 13) of LT/Sv oocytes (Fig. 3H ) until 8 h after GVBD. BUB1 was detected at kinetochores in all LT/Sv oocytes at 15 h after GVBD (n ¼ 21) and in 50% (7 of 14) of oocytes at 19 h after GVBD (Fig. 4, D and E) .
The decrease in the percentage of MAD2L1-and BUB1-positive MI LT/Sv oocytes, observed between 8 and 19 h after GVBD, correlated with the increasing acquisition of their ability to complete the first meiotic division. Interestingly, even after 31 h after GVBD a high percentage of LT/Sv oocytes arrested in MI lacked kinetochore-bound SAC markers. This suggests that these oocytes remain arrested due to the CSF activity alone. MAD2L1 was absent in 89% (23 of 26; Fig. 4C ) and BUB1 in 65% (15 of 23; Fig. 4F ) of these MI LT/Sv oocytes. The lack of MAD2L1 suggests that stable kinetochore-microtubule attachments were formed. To verify the possibility that MAD2L1 becomes degraded during prolonged in vitro culture, 31 h after GVBD the LT/Sv oocytes in MI were subjected to 1 h of incubation in the microtubuledepolimerizing and SAC-activating drug nocodazole. In all oocytes (14 of 14), MAD2L1 was again detected at the kinetochores, proving that this protein was present within ooplasm (Fig. 5, compare with Fig. 4C ).
SAC Activity Sustains in MII LT/Sv Oocytes
We showed previously that in vitro-maturing wild-type mouse oocytes that reach metaphase of the second meiotic division gradually inactivate SAC [45] . Six hours after the completion of the first meiotic division, MAD2L1 was present at kinetochores in only 16% of wild-type oocytes [45] . At the same time point, the kinetochores of 58% of LT/Sv MIIarrested oocytes were MAD2L1 positive (n ¼ 67). This indicates that a failure in SAC inactivation (manifested by the MAD2L1 presence at kinetochores) occurs not only in MI but also in MII of LT/Sv oocytes.
SAC Inactivation Partially Rescues Meiotic Maturation of LT/Sv Oocytes
The above results strongly suggested that abnormally sustained SAC could provoke MI arrest of LT/Sv oocytes.
To verify this, we tested the effect of expression of dnBub1 [39] on the progression of the meiotic maturation of LT/Sv oocytes. Wild-type and LT/Sv prophase (GV stage) oocytes were injected with in vitro-transcribed and capped dnBub1 mRNA or with control globin FF mRNA and allowed to mature in vitro.
At 18 h of meiotic maturation, the majority of control (uninjected) wild-type oocytes (83.9%) completed the first meiotic division (Table 2 ). In contrast, during this period only 31.8% of LT/Sv oocytes completed the first meiosis. Control injections with globin FF mRNA showed that injection procedure itself slightly decreased the percentage of oocytes completing the first meiotic division (Table 2) . Importantly, regardless of the harmful effect of the injection itself, the expression of dnBub1 in LT/Sv oocytes dramatically improved their progression through meiosis. The frequency of oocytes completing first meiotic division, that is, extruding PB1s, increased to the level similar to the wild-type oocytes (54.1% and 65.6% of oocytes with PB1 for LT/Sv and wild-type mice, respectively; P . 0.3). These data provide the direct evidence that the SAC activity plays a crucial role in sustaining the MI arrest of LT/Sv oocytes.
DISCUSSION
During in vitro meiotic maturation, only some LT/Sv oocytes complete the first meiotic division and reach MII at the time characteristic for oocytes of many other stains of mice (i.e., 8-9 h after GVBD) [24] . Instead, first meiotic division is asynchronous and significantly delayed, that is, it begins between 13 and 19 h after GVBD [23] . A significant proportion of LT/Sv oocytes analyzed in our current and previous studies remained arrested in MI even at 19 or 31 h after GVBD [23] . However, despite efforts to identify genes and mutations responsible for the LT/Sv phenotype, so far the precise cause of the MI arrest has not been determined [26, 30, 31, 46] .
As shown previously [23, 33] and in the present study, LT/Sv oocytes can be released from MI arrest. The AI of LT/Sv oocytes can be stimulated by transient calcium ionophore and 6-DMAP treatment. We show here that such provoked first meiotic division results in a high proportion of incorrectly segregated chromosomes, suggesting abnormalities in homologous chromosome segregation and/or metaphase spindle function. In mouse, the degradation of REC8 cohesin is necessary for the first meiotic division [22] , and mislocalization of cohesins in oocytes from aged senescence-accelerated mice coincides with chromosomal aberrations, such as misalignment and precocious separation of sister chromatids [21] . These observations suggest that aberrant REC8 cohesin might be responsible for the abnormal LT/Sv oocyte maturation. Our analysis of LT/Sv oocytes did not reveal any 1106 abnormalities in REC8 localization or its loss from the chromosomes. The degradation of several M-phase-specific factors, including securin, required for the destruction of cohesins or cyclin B is controlled by the molecular mechanism whose major component is SAC-regulated APC/C [47] . In prometaphase, the SAC proteins BUB1 or MAD2L1 remain localized to kinetochores and prevent anaphase onset, APC/C activation, and degradation of securin, cyclin B, and other APC/C substrates via MAD2L1-CDC20 interactions [48, 49] . This mechanism operates not only in mitosis but also in female meiosis [15, 39, 50, 51] . In maturing wild-type oocytes, CDC20 release and SAC inactivation indicated by the disappearance of BUB1 and MAD2L1 from kinetochores occur approximately 8 h after GVBD, that is, soon before the onset of the anaphase of the first meiotic division [13, 15] . Importantly, overexpression of MAD2L1 in maturing wildtype oocytes leads to the MI arrest and the increased level of MPF activity [15] . Sustained elevation of MPF activity also was observed in LT/Sv oocytes [52] . Moreover, the nonfunc- 
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tional meiotic apparatus leading to abnormal M-phase checkpoint control and/or abnormal spindle/chromosome interactions was suggested as being a cause of MI arrest. Hirao and Eppig [33] proposed that delay in AI onset in LT/Sv oocytes, provoked experimentally to complete the first meiotic division, reflects a deficiency in some spindle components required for its function. Our observations confirm this hypothesis showing that during MI of LT/Sv oocytes the SAC inactivation is deregulated, and therefore activation of APC/C is either delayed or prevented. Crucial SAC proteins BUB1 and MAD2L1 remained localized at the kinetochores even at 31 h after GVBD. Importantly, the dominant-negative form of BUB1 caused partial rescue of MI arrest, because an increased number of MI LT/Sv oocytes completed the first meiotic division. Thus, to our knowledge, the LT/Sv mice are the first example of the hereditary meiotic failure related to the SAC function in mammalian oocytes.
Sustained SAC activity is usually caused by malformations in division spindle. Indeed, despite the LT/Sv normal appearance of the meiotic spindles, they could significantly increase in size upon prolonged MI, demonstrating a tendency to develop spindle-associated abnormalities, the nature of which, however, was not studied [23, 53] . Thus, the most likely explanation for why SAC activity is sustained in LT/Sv oocytes implies discrete anomalies in spindle architecture. However, a possibility also exists that the MI arrest of LT/Sv oocytes does not depend on spindle anomalies but on intrinsic failure in the molecular machinery removing factors such as MAD2L from kinetochores.
Interestingly, a proportion of MI-arrested LT/Sv oocytes with MAD2L proteins present at kinetochores decrease during prolonged in vitro culture. The lack of kinetochore-bound MAD2L1 could reflect a decrease in the total MAD2L1 amount that might occur in aging oocytes, as suggested by Ma and colleagues [54] . Here, we questioned the possibility of significant diminution of MAD2L1, showing that aged MI LT/Sv oocytes treated with nocodazole relocalized MAD2L1 to kinetochores. Therefore, we concluded that a cytoplasmic form of MAD2L1 known to be involved in MPF stabilization in mouse oocytes [51] was still present within the cytoplasm of aged oocytes. Thus, it could also be involved in the control of elevated MPF activity observed in MI-arrested LT/Sv oocytes [52] .
Mouse oocytes arrested during nuclear maturation at metaphase I pursue cytoplasmic maturation, resulting in the acquisition of the full maturity of the cytoplasm, including the capacity to escape the metaphase arrest upon the CSFdestroying stimuli, like insemination or parthenogenetic activation [55] [56] [57] . These observations suggest that CSF activity may develop upon prolonged MI arrest. Hirao and Eppig [33] prevented development of CSF activity in LT/Sv oocytes via introduction of MOS null mutation into LT/Sv background or injection of MOS antisense oligonucleotides into LT/Sv oocytes. They observed that the MI arrest was initiated, yet it was transient and, starting from 17 h after resumption of meiotic maturation, the oocytes begun to exit MI arrest [58] . This revealed a two-step nature of MI arrest of LT/Sv oocytes: the primary cause, that is, active SAC, disappears with time; however, by the time of SAC inactivation, CSF is already present and prevents the exit from metaphase. Also, cell fusion experiments showed that CSF is present in MI-arrested LT/Sv oocytes [23] . This remains in perfect agreement with the results of our present study showing that the primary cause of the MI arrest is due to the prolonged SAC activity. In a fraction of MI-arrested LT/Sv oocytes analyzed after 15-19 or 31 h after GVBD (thus, at the time when wild-type oocytes are already arrested in MII by CSF), MAD2L1 is released from kinetochores, indicating SAC inactivation upon prolonged time, yet oocytes remain arrested in MI. The notion that SAC becomes replaced by CSF also is supported by the results of the experiments in which the MIarrested LT/Sv oocytes were subjected to in vitro fertilization [32] . Oocytes fertilized at 15 h after GVBD, that is, at the time when SAC was still active, did not activate in the response to sperm penetration by the 21 h after GVBD. However, fertilization of MI LT/Sv oocytes at 21 h resulted in their activation by 27 h after GVBD, that is, by the time when SAC becomes replaced by CSF [32] .
Prolonged duration of SAC activity in MII LT/Sv oocytes showed in our studies supports our former hypothesis that a succession of SAC and CSF takes place also in wild-type MIIarrested oocytes [45] . There are numerous possibilities to interfere with both the duration of the SAC activity and the timing of metaphase/anaphase transition. Reis and collaborators [59] have shown that duration of SAC may be regulated by APC/C Cdh1 . Also, APC/C Cdc20 may be indirectly involved in regulation of the timing of mitotic events because cyclin A overexpression, whose degradation is APC/C Cdc20 dependent [60] , was shown to prolong the prometaphase stage [61] .
Since it is known that the defects in the proper functioning of mitotic apparatus, including malfunction of SAC proteins, are involved in the development of some malignancies, the failure in SAC inactivation during meiosis in conjunction with spontaneous oocyte activation might increase the incidence of 1108 teratomas in LT/Sv mice, (recently reviewed by Chi and Jeang [62] and Malumbres and Barbacid [63] ). Indeed, chromosomal aberrations linked to inefficient quality control during meiotic divisions in teratomas were reported in different species [64, 65] . The failure to inactivate SAC in LT/Sv oocytes at the proper time, described for the first time in the current paper, may therefore provide a link between aberrant oocyte maturation and teratoma formation. LT/Sv mice may serve as suitable experimental model to study the relationship between SAC and ovarian teratoma development.
